Duplex stainless steels have a large number of industrial applications and may replace high cost materials, especially in chloride-containing environments like seawater in off-shore platforms due to their high mechanical properties and good corrosion resistance. The influence of the ferrite content on the performance of duplex stainless steels in these corrosive environments is not well known. For the present paper, new superduplex stainless steels with ferrite between 30 and 60% were developed and their microstructure and corrosion resistance were evaluated by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) tests in NaCl 3.5% (wt %) at 26°C and 78°C. The results obtained at 26°C showed that the pitting potential (E pitt ) is little affected by the ferrite content, but for the materials with higher ferrite it was possible to observe an increase in the repassivation potential with a decrease in the corrosion potential and passive currents due to the presence of more resistive passive films. Tests performed at 78°C indicated a high decrease in the E pitt for all the samples, independently of the ferrite percentage, although maintaining superiority in higher ferrite content. Alloys with a 55% ferrite phase content, i.e. less dependent of Ni element, present a superior performance of corrosion resistance.
Introduction
Austenitic-ferritic (duplex) stainless steels are wellknown to have good corrosion resistance in a large number of environments and may replace standard austenitic stainless steels in some industrial applications due to their high mechanical properties and good stress-corrosion cracking resistance. [1] [2] [3] Duplex stainless steels have been developed in response to the demand for more resistant materials in the chemical, petrochemical and oil industries. 4, 5 New duplex grades with higher levels of Cr, Mo and N have been developed, as they present better localized corrosion resistance and mechanical properties. These materials have been increasingly used in aggressive environments, particularly seawater in petrochemical plants and oil and gas production systems. The new generation of duplex stainless steels called superduplex stainless steels (PRE n = %Cr + 3.3%Mo + 16%N >40) have especially demonstrated a high performance in chloride-containing environments, e.g., seawater in off-shore platforms. 2, 5 Duplex stainless steels are based on the Fe-Cr-Ni system and contain two phases in approximately equal volume fractions: ferrite (δ) and austenite (γ). In addition to Fe, Cr and Ni, they contain other chemical elements classified as either ferrite (Cr, Mo, Si) or austenite (Ni, N, C, Mn, Cu) stabilizers. [5] [6] [7] [8] The advantage of the duplex alloys in media that contain chloride resides in the content of delta ferrite, which promotes combined effects due to electrochemical and mechanical factors. The relationship between both phases is usually about 50% (per volume), although it can range from 30% to 60% according to international standards, and considering variations in both chemical composition and heat treatment. 9 Lothongkum et al. investigated the effect of N on the corrosion behavior of 28Cr-7Ni duplex stainless steels in an air-saturated 3.5 wt% NaCl solution at pH 2, 7 and 10. 6 They demonstrated that at pH 2, the corrosion potential (E corr ) increased and the passive current density (i pass ) and corrosion current density (i corr ) decreased with the increase in the N content. At pH 7 and 10, the effect of N on E corr and i corr could not be observed. At all tested pH, the pitting potential (E pit ) increased with the N content in the tested steels. Nitrogen either participated in the passive film or in the reaction to build up passive films. A metallographic observation after pitting corrosion at all tested pH revealed that the corroded structure in the tested steels without N alloying was austenitic, but in the steels with N alloying it was ferritic. Although the Cr content in the ferrite is higher than in the austenite, in the N alloyed steels, the N content in the austenite is much higher than in the ferrite, leading to a superior PRE n of the austenite comparatively to that of the ferrite.
The literature reports the effects of solution heat treatment temperature on the corrosion resistance of duplex stainless steels. Garfias-Mesias et al. discussed the effect of annealing temperature on the pitting resistance of 25%Cr duplex UNS S32550, where the critical pitting temperature (CPT) and pitting potential after annealing were determined at 1020, 1060, 1100 and 1140 °C. 10 The pitting potential and CPT was strongly influenced by the solution heat treatment temperature. Raising this temperature lowers both, and the highest values of CPT and pitting potential were associated with the lowest annealing temperatures. The pitting was always observed preferentially in the ferrite phase. The results could be partially explained by the changes in the chemical composition of ferrite and austenite phases.
In the last years, the Ni price in the share market has largely increased. 11, 12 From an economical viewpoint it is therefore of great importance to develop alloys with a lower content of this element. In the duplex stainless steels, a small decrease in the amount of Ni in the alloy affects the relationship between the austenite and ferrite phase, increasing the content of the latter. The influence of the content of ferrite phase in duplex stainless steels on their corrosion resistance, however, is not well known.
The present study thus investigates the effect of ferrite content on the microstructure and corrosion resistance (in a sodium chloride medium) of the ASTM A995M Gr.5A superduplex stainless steel with ferrite ranging between 30 and 60%.
Experimental
Superduplex ASTM A995M-Gr.5A/EN 10283-Mat#1. 4469(GX2CrNiMo26-7-4) stainless steels with six distinct ferrite contents were prepared in an electrical induction furnace. The chemical composition of the studied steels was evaluated by Optical Emission Spectrometry and the (Pitting Resistance Equivalent number) PRE n values were estimated. In this work, the stainless steels were numbered from SS_1 to SS_6 according to the ferrite content.
All samples were subjected to solution heat treatment at 1100 o C for 1 hour followed by water quenching in order to avoid the presence of any intermetallic phase or precipitates in the microstructure that could interfere in the results. Such solution heat treatment produces a dual phase (γ/δ) microstructure. The production of duplex stainless steels was carried out in an economical way using scrap and process returns with a high Cr, Ni and Mo content. As this method can result in unexpected alloy chemical composition, it becomes necessary to include some elements in the material, according to standards, to adjust the phase composition. 13 The microstructure of the produced materials was investigated by immersion in Beraha's chemical reagent and observed using a LEICA light microscope equipped with an image analysis system that allowed assessment of the grain size, distribution and percentage of the phases. The presence of magnetic phases was determined by using the Fischer magnetic method (Fischer Ferritoscope with 0.1% detection limit). Table 1 presents the chemical composition, the PRE n and the percentage of ferrite estimated by optical microscopy. Table 2 shows the magnetic (ferrite) phase percentage using the Fischer magnetic method.
The semi-quantitative chemical composition of each phase was estimated by energy dispersive analysis (EDS) to obtain the partition coefficients of Cr, Ni and Mo between austenite and ferrite phases.
Vickers microhardness indentations using 100g load were carried out in austenite and ferrite phases. Measurements were taken in accordance with ASTM A384/89 (1990) 14 in a LEICA VMHT-MOT microhardness tester.
All electrochemical measurements were performed using a three-electrode cell, with a Pt wire counter electrode and a saturated calomel electrode (SCE) as the reference electrode.
Teflon o-rings were used in the sample-port to seal the area of the working electrode exposed to the electrolyte. The corrosion resistance was evaluated by open circuit potential (OCP) monitoring for 20 h and potentiodynamic polarization tests in 3.5% NaCl solution at room temperature (26 o C) and at 78±1 o C using a Fisitom heating system made of fiberglass. The temperature 78°C was chosen because it is above the maximum operating temperature range (60°C) 15 and below the critical temperature for pitting (80°C). 5 The electrochemical tests were performed in triplicate for the statistical relevance of the results presented. There was a small variation in the E pitt values electrochemically measured (±5 mV) for all materials investigated at different temperatures.
A potentiostat/galvanostat (VoltaLab) model 402 with VoltaMaster 4 software for data acquisition was utilized for the electrochemical measurements. The polarization curves were obtained at a scan rate of 0.5 mV s -1 . Polarization started from -300 mV below the OCP and the potential scan was reversed when the current reached 3 mA cm -2 . The potential at which the current density exceeded 100 µA cm -2 was defined as the pitting potential (E pitt ). The polarization curves and the values of resistance to the pitting were estimated through potential versus current logarithm (E vs. log i) plots. The corrosion potential (E corr ) was obtained from the polarization curves using Tafel slopes. The passive current density (i pass ), E pitt and repassivation potential (E rep ) was estimated from the polarization curves and used as parameters to evaluate the corrosion resistance of the different stainless steels investigated. Electrochemical impedance spectroscopy (EIS) tests at room temperature were also used to obtain information about the characteristics of the passive film on the investigated steels. For EIS, the amplitude of the sinusoidal voltage perturbation signal was 10 mV AC and the frequency ranged from 100 kHz to 10 mHz.
Results and Discussion
For the stainless steels studied in this work, the pitting resistance equivalent (PRE n = %Cr + 3.3%Mo + 16%N ≥ 40) indicates they are all classified as superduplex stainless steels (see Table 1 ). A PRE n above 38 is supposed to provide good resistance to marine corrosion. 5 The percentages of magnetic phases (related to the ferrite numbers) estimated by ferritoscope are compatible with the results found by quantitative metallographic analysis, even though a comparison between the volumetric percentage values of ferrite obtained by different methods is not recommended. According to the A800/A800M-91 (1997) standard, 16 the amount of ferrite in the microstructure is a function of the chemical composition of both the alloy and its thermal history. Due to segregation, the chemical composition (and therefore the ferrite content) may differ from one site to another in a casting. The determination of the ferrite content by any procedure is subject to several degrees of imprecision. Figure 1 shows the microstructure of all superduplex stainless steels investigated in this study. Their microstructure is composed of two phases: austenite (white islands) and ferrite (blue matrix). The Vickers microhardness indentation image in both phases is illustrated in Figure 2 . It can be seen that the microhardness of the ferrite matrix is slightly higher than the austenite phase (see Table 3 ), and this accords with the literature. 17 URA et al. evaluated the ferrite content in duplex stainless steels by three distinct methods, reaching different results.
18
For a material with a chemical composition of approximately 22%Cr-6%Ni-3%Mo-1%Cu-0.1%N (% in weight), they found (51.0±2.4)% of ferrite by the magnetic test (ferritoscope), (60.4±3.7)% by quantitative metallography, and (35.8±19.4) by X-ray diffraction. For cast materials, the ASTM A800/ A800M-91 (1995) standard indicates optical microscopy as the most suitable method to determine the ferrite content. Table 3 shows the partitioning coefficient for Cr, Ni and Mo in ferrite/austenite phases. Quantitative analyses were performed for these elements in phases γ (austenite) and δ (ferrite), and from these partition coefficients were determined by the ratio between the percentage of each element present in γ and δ phases and Vickers microhardness In the present study, it was found that the austenite phase presented lower pitting resistance than the ferrite, as will be shown later. This behavior is due to the higher Cr and Mo content in the ferrite, leading to a higher pitting resistance. In addition to the knowledge of the quantities of each phase, it is important to know how they are distributed in the microstructure. 5 In this way the variation of the ferrite percentage distributed in the microstructure was investigated in three directions (3D, X, Y, Z) . Figure 3 shows a 3D representation in perspective for a typical microstructure of a cast duplex stainless steel containing smaller and higher ferrite content respectively. In the case of laminated materials in the field biphasic, the microstructure is generally lamellar and consequently oriented. This means that there are differences in the microstructure when observing the laminate in different faces.
20 Table 4 shows the percentages obtained for duplex steels investigated these conditions, performed by quantitative metallography. For the alloys studied in this work are as casting and no significant differences in the percentage of stages when analyzed in different directions (X, Y, Z). Figure 4 shows the evolution of the OCP of the various stainless steels tested from the immersion in the NaCl 3.5 wt% solution until 20 hours of immersion. Figure 4 shows that, after approximately 10h of immersion, all the stainless steels tested had reached a fairly stable corrosion potential. The highest potential was associated with the stainless steel with the highest amount of ferrite up to 59%, equivalent to the composition SS_5. Although the OCP cannot be directly related to the corrosion susceptibility of the material, the results of the present work suggest that the protective properties of the passive film on the stainless steels investigated improve with the with the alloy's increased ferrite content. The literature has shown that the driving force of surface oxide film formation on a metal is the free energy of the reaction between the metal and the test solution during the open circuit process. 20 The polarization curves of the various tested steels in 3.5% NaCl solution at 26 o C and 78°C are shown in Figures  5 and 6 respectively. Table 5 shows E corr (corrosion potential) and i corr (corrosion current) by Tafel extrapolation method; i pass (passivation density current) and ∆E (variation between E pitt and E rep) , values are estimated from the polarization curves.
The polarization curves suggest that the pitting potential of the various duplex stainless steels tested does not show a clear dependence on the amount of ferrite phase. On the other hand, the i corr and i pass values are strongly dependent on the ferrite content, decreasing with the increase in the ferrite amount up to 55%. These results confirm the indication that the protective properties of the passive film increase with the ferrite content in the alloy, as was suggested by the OCP measurements. Figure 5 also shows that the repassivation potential slightly decreased with the decrease in ferrite content, suggesting that repassivation was also favored in the alloys with higher amounts of ferrite close to 55%.
When the temperature is 78 o C, the repassivation process stops for all samples and the performance of these materials strongly decreases. The increase in temperature had an accelerating effect on the anodic reaction due to the increase in the dissolution reaction velocity of the oxide film by Cl − ions adsorbed on the surface. Figure 5 shows a tendency towards an increase in the passivation current with a decrease in the ferrite content, probably indicating the inhibition of the formation of the passivating film, as Cr 2 O 3 , which is homogeneous, adherent and continuous on a continuous gradient of composition. 5 The addition of molybdenum also improves the pitting resistance of the stainless steel, decreasing the metastable pitting nucleation and probably also reducing the stable pitting nucleation. 20, 21 When included as an alloying element, Mo is incorporated into the passive film, producing oxides with different oxidation states. The most common corrosion product incorporated into the Cr oxide layer is MoO 4 2− , which is extremely stable and fixes this layer. 22 In fact there exists a consensus that the passive layers on nickel and stainless steels have a duplex structure. 23 The change of ferrite content did not have an adverse effect on the pitting resistance, possibly because all the samples have almost the same PRE n . On the other hand, the existence of a hysteresis loop in the polarization curves indicates a repassivation process when the potential is scanned toward the negative direction. The larger the hysteresis loop, the more difficult the repassivation. This process becomes more positive with the increase in the ferrite content. For all samples at high temperatures (Fig. 6) , there is no loop closing. The pitting potential was superior in higher ferrite contents, although the E pitt for all samples performed decreased independently of ferrite content. However, the ease of repassivation certainly increases with an increase in the ferrite content, definitely influencing the corrosion in the chloride media. Table 5 also shows similar values of corrosion potential for all steels studied. ∆E has been considered an important parameter to evaluate the repassivation performance of stainless steels. It has been reported that the difference between E pit and E rep is a pitting susceptibility factor for stainless steels. 24 The repassivation susceptibility decreases with the increase in ∆E. Table 5 shows that lower ∆E values are associated with the stainless steel samples containing higher amounts of ferrite: that is, these are easier to repassivate. For a better understanding of these phenomena, the effect of different typical elements on the repassivation has been previously investigated. Cho reported that the repassivation rate for ferrite stainless steels increases with the increase in the chromium and molybdenum content. 24 The influence of nitrogen on the corrosion resistance of austenite stainless steels has also been investigated. 25, 26 There is a general consensus that N additions improve the resistance to pitting corrosion, increasing the pitting potential in aqueous chloride solutions, and also accelerating the repassivation process.
Surface observation by optical microscopy after polarization tests showed pitting in all stainless steel samples tested. Pits initiated at the ferrite-austenite boundary, likely due to galvanic effects, and from there diffused into the austenite phase (as shown in Figure 7 ). The higher pitting resistance of the ferrite phase might be attributed to its higher molybdenum and chromium content. Figure 8 shows the Nyquist diagram for all tested stainless steels after 10 hours of immersion in the 3.5 wt% NaCl solution. The experimental Bode plot for phase angle vs. log.f is shown in Figure 9 .
It can be seen in Figure 8 that the lowest impedance was associated with the alloy with the lowest amount of ferrite phase, and that it increased with the ferrite content in the alloy. A comparison of the impedance values for the SS_1 and SS_5 samples at a same frequency (10 mHz) shows that for this last steel the impedance was about 25 times superior to that of the SS_1. The increase in impedance was particularly significant when the ferrite content in the alloy was above 40%. The higher the ferrite content, the more protective was the passive film, as shown in the polarization curves of Table 5 . The EIS data is in agreement with the polarization results.
The polarization curves, however, showed that the pitting and corrosion potential of the materials investigated do not depend on the ferrite phase content. Table 5 indicates that the corrosion current densities (i corr ) and the passive current densities (I pass ) change substantially between the alloys with different phase compositions. It is observed that the increasing ferrite phase content changes the i corr by up to two orders of magnitude, and the i pass by at least one order of magnitude. Furthermore, ∆E, which is an indication of the ease of repassivation, also changes by an order of magnitude to indicate that an increase in the ferrite content definitely enhances the ease of repassivation after pitting, which is in agreement with the impedance spectra results.
The behavior observed in Nyquist impedance plots (Fig.  8) and Bode impedance plots (Fig. 9 ) in lower and medium frequencies is the characteristic response of a passive system. The materials investigated, however, present different amounts of ferrite stabilizing elements, which can promote modifications in the oxide composition, such as a decrease in the resistance of this passive film.
The peak at approximately 100 Hz in the Bode phase angle plots is characterized by a well-defined large phase angle maximum (θ max ), the width of which increases with the ferrite content in the alloy and a broad time constant with a very low phase angle in the high-frequency region, which is a pure resistance (electrolyte resistance). The enlarged peak indicates the interaction of various time constants, mainly due to the oxide passive film and charge transfer processes. The maximum phase angle increased with the ferrite content in the alloy due to the increasing capacitive characteristic of the passive film with the amount of the ferrite phase.
Other reports have also suggested that molybdenum retards the corrosion process by adsorption, formation of Mo compounds, synergistic interaction of Mo ions with other oxides of the passive film, and elimination of the active surface sites through the formation of Mo oxides. 25 Analytical studies performed at 78 o C do not show a significant response, probably due to excessively thin films formed at this temperature, indicating a high decrease in the polarization resistance for all alloys when compared at room temperature. These features suggest a reduction in the degree of protection of the passive films formed, attributed to the reduction in the protection of passivating species, such as Cr 2 O 3 and MoO 4 2− films.
18 Figure 10 shows the dependence of i pass and Z real/10 mHz on the ferrite content in the alloy. It can be seen that a great improvement in the protective properties of the passive film occurs when the ferrite content in the alloy is superior to 40%. This corresponds to low variations in the alloy composition with slightly higher Cr and lower Ni contents. It was found that an increase of 5% ferrite phase content in relation to ASTM A995M-Gr.5A, which is used commercially (i.e. 55%), did not adversely affect the corrosion resistance. These results suggest that the Ni content in the superduplex stainless steels could be decreased to some extent, leading to improved corrosion resistance and lower costs.
Conclusions
The polarization curves at room temperature showed that the pitting resistance is not dependent on the ferrite content, possibly because all the samples have almost the same PRE n . However, the corrosion current densities, the passive current densities, and repassivation potential change substantially between the alloys with different phase compositions. It was observed that the increasing ferrite phase content changes the i corr by up to two orders of magnitude and the i pass by at least one order of magnitude. At 78 o C, a high decrease (about 60%) in the pitting potential value was observed for all the samples independently of the ferrite percentage, indicating a high-velocity degradation reaction of the passive oxide film for all materials. The pitting potential, however, was superior in higher ferrite contents, especially for 55% ferrite phase. Under these temperature conditions, the repassivation process does not occur. Nyquist and Bode impedance plots determined by EIS indicated a small increase in the passivity degree for materials with higher ferrite content, which is attributed to either the increase or the modifications in the chromium oxide protective film in these materials. The impedance results also showed that the protective properties of the passive film on the superduplex stainless steels increased with the ferrite content.
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